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ABSTRACT

25 a.h. cells are under cycle test containing 90 Mrad

crosslinked methacrylic acid radiated graft. These cells

contain three, four and five layers of this membrane.

Cells constructed with rectangular voids at the plate

centers have been cycled at 60% DOD with some success,

but In general the results have not been exceptional.

Cells containing .3% Al doped ZnO and .25% Pb doped ZnO

as negative active material delivered 212 and 190 cycles

respectively at 60% DOD.

I



I. Introduction

The specific items under study In this contract are:

A. Separators

B. Electrolytes

C. Mechanical Barriers to Zinc Agglomeration

D. Particle Size and Morphology of Zinc Oxide

E. Zinc Electrode Fabrication Techniques

F. influence of Membrane Separator Characterisrics

G. Sites for Zinc Oxide Overgrowth

H. Development of Failure Analysis Technique

I. Sizes of Zincate Ion and Solui.,le Silver Species
In KOH

J. Membrane Pore S!z Measurements In KOH

K. Stoichiometric Ratio of Formed Zinc

L. Fundamental Studies on Surfactants

M. Alternate Method of Surface Area Measurement

N. Surfactant Tests

. The cycle used In this program is a 35 minute discharge

at 20 amperes with art 85 minute recharge to constant

voltage.

This report covers the first three-month period of

the Zhird year on this program.I
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II. Factual Data

I A. Separators

The results of the tests on cells containing four

layers of RAI 90 Mrad crosslinked acrylic and

methacrylic acid graft performed at the Quality

Assurance Laboratory at Crane, Indiana are com-

S pared with those obtained at Delco-Remy.

1. Cells containing 4 layers of acrylic acid

graft.

i DOD Cell # Crane Delco-Remy

25% 1 203* 324*
2 369* 324*
3 357* 3001

40% 4 84* 144*

5 84* 144*
6 84* 144*

60, 7 34* 84*

34* 84*
i 9 34* 84*

2. Cells containing 4 layers methacrylic acid
graft.

DOD Cell # Crane Delco-Remy
25% I 21i51! 400*

2 2371 428*
3 2371 428*

40% 4 84* 253*i5 84* 253*
684- 253*

60%o 7 34* 72*

8 34* 72*
9 34 72*

I -2-
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3. Control cells containing 4 layers FSC[
DOD Cell # Crane D eco-Remy
25% 1 IOOc  396*

2 03961
4801

4 5281

4% 1228*(2)
40% 2 00* 312 (2)F
6o% i 38* 156*(4)E 2 38*

* = failure by loss of capacity
I = failure by short circulting
() = number of cells
c = cycling

Cells have been constructed with the 5000 foot

[ . lot of 90 Mrad crosslinked methacrylic acid

radiation graft utilizing three, four and five

I! layers. Each cell contains nineteen plates, so

that no shiming is required. The control cells

contain fifteen plates and four lcyers of FSC.

These cells have been activated in 50% KOH and are

Dunder cycle test. The following table shows the

E initial capacities obtained.

D
I -3-

F
'U

H
17' - •



No. of Cells No. of Layers Initial Capacity

1 8 3 35.8 ah

8 4 37.0 ah

8 5 36.0Oah

3 6 controls 4 FSC 24.0 ah

I The cells containing three and four layers are to

I be cycled at QAL, Crane, Indiana.

Additional cells containing three, four and five

layers of RAI membrane will be constructed with

zinc oxides containing Pb and Al.

The general physical appearance of this 5000 foot

I lot of RAI material is excellent. The resistivity

checks are within the 60 milliohms in2 readings

I obtained by RAI personnel. Additional membrane

I checks are underway to determine zinc and silver

diffusion, and zinc penetration.

i
The final report by RAI Inc. will be forthcoming

shortly, and will be incorporated in the Tenth

I Quarterly Report.

I
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B. Particle Size and Morphology of Zinc Oxide

125 ah cells containing negative plates with .25% Pb

doped zinc oxide and .3% Al doped zinc oxide have

completed life cyclc. tests as follows:

I Doped Initial Cycles @
No. of Cells ZnO Capacity 60% DOD

20 .3% Al 23 ah 212

20 .25% Pb 24 ah 180

r 12 controls Kadox 15 20 ah 110

E The main cause of failure was loss of negative

capacity. Additional cells were constructed with

Zn flake as negative active material. These cells

E [only delivered 60 cycles at 60% DOD. A continuation

of cycling at ?5% DOD yielded 440 cycles. The cause

of failure here was excessive short circuiting.

An additional 75 lbs. of each doped ZnO is on hand

for cell construction incorporating the radiated

polyethylene membrane material by RAI.

A Seventh Quarterly Report by New Jersey Zinc Company

is enclosed.

E -5-
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C. Zinc Electrode Fabrication Techniques

An experimental 25 a.h. cell containing three layers

of FSC membranes was constructed as follows:I
All the negative plates had a center section removed

In the shape of a rectangle, and a plastic shim was

inserted in the cavity. This area was 2" x 3/4".

Additional plates were utilized in the element such

i that the surface area of active material was the same

as in regular 25 a.h. cell construction, This cell

delivered 290 cycles at 60% DOD.

However, additional cells constructed with standard

a25 a.h. size plates having a smaller opening at the

plate centers only y;elded 130 cycles at 60% DOD.

I Additional cells are under construction to try and

optimize the hole size which seems to prohibit the

I zinc material from agglomerating at the plate centers

to limit life.

The main cause of a failure in these cells was

excessive washing of the zinc material.

4W
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[ D, Influence of Membrane Separator Characteristics

A final report by the Whittaker Corporation is

[ attached.

III. Su____

[ The 5000 foot production run by RAI Inc. of a 90 Mrad

crosslinked methacrylic acid radiation grafted membrane

I is under test both in cells and in certain screening

conditions. The use of this separator has made possible

L [the addition of four extra plates per cell in the standard

[ 25 ah container. These cells are to be cycled at 60% DOD.

[ Cells containing ZnO doped with .3% Al and .25% Pb have

delivered 212 and 190 cycles respectively at 60% DOD.

Additional cells are under construction with this

material utilizing RAI membranes.

Cells containing rectangular voids at the plate centers

have shown some promise to extend cycle life at 60% DOD.

Additional work is underway to definitely determine the

correct void size that will be most beneficial to plate

cycle life.

L
-7-
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ABSTRACT

Previous evaluations of Zn electrodes fabricated with Pb-doped

ZnO or flaked Zn-dust indi-ated that these materials would increase the

cycle-life of silver oxide-zinc secondary batteries. Interesting results

were also obtained with High Conductivity Al-doped ZnO. Thus, twenty-

I five pounds of each of these samples have been prepared for more compre-

hensive performance evaluations by Delco-Remy.I

I
'I
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I

I

I
I
I

I



r I. Introduction

The objective of this project has been to prepare and character-

Lize a variety of zinc oxides and zinc dusts for evaluation in silver oxide-

zinc secondary batteries. Of the small samples which have been tested,

0.25% Pb-doped ZnO and flaked Zn- 1'st showed the most promise for increas-

[ing the Zn-electrode cycle-life. Samples with 0.03% to 2.5% Pb indicated

no advantage for Pb-contents greater than about 0.25%. Flaked Zn-dust was

L found to be superior to normal Zn-dust.

Al-doping under appropriate conditions leads to a major modfL-

cation of ZnO in that it increases the electrical conductivity by several

orders of magnitude. Although earlier results with Al-doped High Conduc-

tivity ZnO have not shown large increases in electrode cycle-life, this

type of ZnO is of interest.

[ During the past quarter, twenty-five pounds of each of the pre-

ceding samples have been prepared. This will permit more comprehensive

III performance evaluations by Delco-Remy.

II. Sample Characterization Tests

The ZnO samples were characterized by the following tests: (1)

[ air permeability particle size, (2) nitrogen adsorption surface area, (3)

electron micrographs, (4) qunlitative spectrographic and, where necessary,

[ chemical analysis for specific impurities. See the First Quarterly Re-

port (31 January 1967) for a description of these tests.

The flaked Zn-dust sample was characterized by tests for purity,

I [degree of oxidation to ZnO, and average flake thickness. (See the Fourth

Quarterly Report, 23 October 1967 for test method.) Due to the relatively

L large size of the particles, optical micrographs (100C:)were used insteadl11

F-!



2 of electron micrographs to show the particle shape.

III. Descripticn of Sample Preparations

I' A. Pb-doped ZnO (Sample No. 243-107-5)

This sample was prepared by 60 0C. calcination in air of an in-

timate admixture of French Process ZnO and PbO. It actually is just a

larger scale repeat preparation of sample 243-107-1 described in the Third

Quarterly Report (17 July 1967). Characterization data are given in Table

1 1 and Figure 1.

B. High Conductivity Al-doped ZnO (Sample No. 243-41-2)

The procedure for doping ZnO with Al so as to develop high elec-

trical conductivity is described in U.S. Patent 3,089,856 by H. M. Cyr and

N. S. Nanovic, assigned to New Jersey Zinc Company, and issued 14 May 1963.

I Characterization data are given in Table 1 and Figure 2.

C. Flaked Zn-dust (Sample No. 243-123-2)

The flaked Zn-dust was prepared by the procedure described for

sample 243-123-1. (See the Fourth Quarterly Report, 23 October 1967.)

Briefly, the procedure involves ball milling a fine Zn-dust in a varnolene

dispersion so as to "flatten" the Zn particles. The residual varnolene is

I removed by repeated washing with acetone. Characterization data are giv .n

in Table 1 and Figure 3.

IV. FutureEKogram

The selection of samples for the future program will be based

I on Delco-Remy's electrode evaluations currently in progress.

I V. _ ______

Electron micrographs at 25,200X are shown for the doped ZnO sam-

2I ° L. .L ~ A L J UA(~JL 4L JJ ~ L A L~ L '~.
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IFigure 3. Optical Micrograph of
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I ABSTRACT

Charge and discharge characterist cs of silver, cadmium, and ziic plates

have been investigated in KOH as a function of temperature, cu .rent

density, and electrolyte concentration. The results were corrclatecd with

previous measurements of electrolyte transport in order to determine

the effect of dcsign and operational performance on battery characteristics.

I
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SUMMARY

r In order to obtain data for improvcn.':nt in design of alkaline batteries,

a study of the effect of temperature, current density, and electrolyte con-

centration on silver, cadmium, and zinc plates was performed.

Results of the tests of the silver plates indicated that for both the charge

and discharge reactions, plate characteristics were essentially invariant.

LOne exception to this was noted. During charge at high current densities

and low temperatures, no charging at the second plateau was noted. There-

fore, under certain conditions, the silver plates exhibited a sharp decrease

in total capacity.

The cadmium plate charge tests showed a marked effect of current density.

lThis was enhanced by decreasing temperature. Under all conditions, charge

acceptance was better at higher KOH concentrations. Results of the dis-

charge tests showed a similar pattern.

U In the charge tests of zinc plates, the expected decrease in capacity with

increasing current density and decreasing temperature was noted. In-

creasing KOH caused an abrupt decrease in concentration. During the dis-

charge tests, a maxima in capacity, with respect to concentration, was

noted. Although certain trends were evident, it was difficult to separate

the effects of the variables studies.

The establishment of typical plate characteristics, under various opera-

tional and ciivironmcntal conditions, formed the second part of a program

designed to provide the characteristics of alkaline batteries. Combination

of these results with previous derived electrolyte transport data

II[ allowed the initial c,,culation of the expected operation of a typical silver-

zinc cell.Jj



I. INTRODOCTION

Whittaker Corporation is presently engaged in a multiphasc program in

which it is intended to mathematically describe the various opcrational

5 and design factors influencing silver-zinc batteries. The overall program

is primarily designed to improve low temperature cell operation. It is

5 expected however, that the information derived from these studies will be

applicable to battery design and operation at ambient temperatures.

I %
The first phase of the program was designed to elucidate those membrane

characteristics which i .fluence electrolyte distribution within the anode

and cathode chambers of the cell (Ref. 1). This information formed the

3 basis for mathematical description of change of electrolyte concentration

with time, in terms of various operational and design parameters.

The present phase of the program is concerned with the determination of

3 the charge and discharge characteristics of silver, cadmium, and zinc

plates with respect to electrolyte concentration and ;-. various temperatures.

The effect of current density-is also necessarily involved in this study.

Although the literature contains certain information of this nature, most of

I the measurements have been made in complete cells. Since it had been

demonstrated in the first phase of the program that membrane parameters

markedly influence electrolyte concentration, discharge data based on cells

containing membranes could not afford a clear picture of the effect of

concentration on discharge characteristics. Furthermore, full cell data

involved the discharge characteristics of both plates. In order to derive

definite mat']h'matical relationships concerning plate characteristics,

separate studies are necessary. These would of course, be combined in

the most important phase of the effort which is the description of the

3 overall battery operation.

1. -1-



Sill thoi~e cas. Where literatture data is availablec on single pjlte

. studies, the data which is presented in these studies is not rccdily amena-

ble to mathematical evaluation. It is thereforc ncccssary to establish

; [ standard methods in order to obtain meaningful data.

i.
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II 1L. RESUITS

A. General

1. DefinitionsU
Before detailing the results which have been found to this time, the defini-

tions of the quantities which are to be determined will be discussed.

Although these quantities arc routinely used in battery literature, there

Uoccasionally appears to be some confusion in their application. For charge

tests, the following definitions will be used.M

Total ahr accepted x 100
Charge acceptance (Oo) = Total ahr accepted by standard plate

-I
f g This definition is used for plates which are electroformed. For those

plates w "ch are chemically formed, the following definition should be

fl used.

% Conversion = Total material converted to charged state x 100 (i
Total uncharged material

L It should be noted that the definition of charge acceptance necessarily in-

volves establishment of a standard plate with respect to current density,

i electrolyte conceatration and temperature.

-3-



For the discl-argc' tests, the following definition will bt used for cl.'ctro-
rli fo rm-ed plates:

Total ahr out

Capacity XTotal ahr ou x 100 (3)

In the case of chemically formed plates, the following definitions will be

used:

/oUiiainTotal ahr outx10 (4

Total theoretical capacity of material x 100 (4)

SIn order to indicate some measure of the voltage characteristics during

charge and discharge, we have chosen two quantities, V. and percent re-

gulation-. For the discharge reaction, these are defined by:

V. initial stable plateau voltage (5)

o Regulation (50 my) ahr out (to 50 mv below Vi) X 100
Total ahr out

% Regulation (100 my) = ahr out (to 100 my below V; 10

Total ahr out

The quantities used for the charge reaction are defined in a similar manner.

It should be noted that V. does not correspond to the ocv but relates to the

Ii U first rea oable sttble vltage for the charge or disLharge. There exists



some arbitrariness in the choice of V. for both charge and discharge.

11
Aowever, it was found that small changes in the choice of V. did not
measurably effect the data. Figures 1 and 2 show the definitive points for

the charge and discharge reactions, respectively. The value of the total

ahr to cutoff was arbitrarily taken as 1. 5 . As will be shown, certain

modifications in these definitions will be used for the silver plates. This

is due to the two-plateau charge and discharge characteristics of this plate.

2. Plate Conditioning Criteria

As previously indicated, descriptions of plate characteristics have been

presented. It is difficult, however, to separate the variables studies. In

order to alleviate some of these problems, a standard type of plate for-
mation technique was necessary. In this instance, standard refers to a
fixed current density, electrolyte concentration, and temperature for the

forming cycle. This could readily be accomplished for the silver and

cadmium plates, but had to be somewhat modified for the zinc plate. The
use of a fixed standard charge and discharge opens the question of what

I effect an alternate standardization cycle would- have on the plate character-
istics. Although such information would be of value, in order to accom-

* I plish the program within the prescribed limitations, -it was necessary to
restrict-the scope. Additional effort aimed at correlating the effect of

I1 cycle procedure on plate performance would undoubtedly be of value.

3 B. Silver Plates

* I1 Charge Tests

In order to establish conditions for preparation of standard silver plates, [

some preliminary measurements were made. The studies to be described

were indicative of some of the results which could be expected during

ELt
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testing of the plates.

Following an initial discharge at 30ma/in the plates were cycled at a

charge rate of 60ma/in 2 , and at varying discharge rates. A charge rate

of 60 ma/in corresponds to the C/2. 5-to C/3 rate. Initial measurements

were made against the Ag/Ag 2 0 reference electrode using nickel counter-

electrodes. It soon became apparent there was some instability in the

reference electrodes, and these were abandoned. Hg/HgO reference

- - electrodes afforded much greater stability. Cells were cycled in an auto-

mated system to a charge cutoff voltage of 0. 64 v, and a discharge voltage

of 0.09 v, relative to Hg/HgO. Duplicate plates were run in cells containing

KOH at 2. 6 m, 8. 0 m-, and 14. 8 m at 30* C. The major difference between

the plates appeared to be a lower charge acceptance at 2.6 m and 14.8 m.

Variation between the plates over several charges was about 57o, whereas

the difference in capacity between cells at 2.6 m- and 8.0-m-was about 15%1.

A similar pattern was shown by the 14.8 m cells. Concentration appeared

- to have little effect on the capacity-, which was essentially 1000 for each cell

at 60 ma/in2 . As expected, there was some decrease of capacity at current

densities of 120 ma/in-and 240 ma/in , however, the loss-was onlyabout

10% at the maximum current density. Since the decrease was relatively

I small, no quantitative measure of the differences in loss as a function of

* concentration could'be made. Electrolyte concentration did not appear to

-markedly affect the discharge voltage regulation. Each- twofold increase of

current density caused a decrease of about 10 mv for the voltage on the

5 lower plateau.

I The standard plate was prepared as follows: Formed silver plates were
2

discharged to 0. 09 v vs Hg/HgO in 8. 0 m KOH at 30* C at 120 ma/inI 2
They were then charged at 60 ma/in under the same conditions to a cut-

off, of 0V.0; v v5 Xg/ingu. The discharge-charge cycle was then repeated.

Plates showing a variation of 1016 between the two charges were discarded.

-7-
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fr )m a norm of 1.2 ahr were also not used. Acceptable plates were stored

[in 8.0 rn KOH.

E-Having established the mode of formation of standard plates, charge tests

were carried out at current densities of 30, 60, and 120 ma/in 2 at 30* C,

O*'C, and -ZO* C. KOH concentrations at the two higher temperatures
were 2.6, 8. 0, 10.6, and 14.9 m, while -. 6, 8.0, 10.6 and 14.9 m KOH

were used at -20*-C. -Duplicate cells were run under all conditions. Re-

sults of these tests -are presented in Tables 1, H, and III.

With- the exception ofthe lack of upper plateau charge acceptance under

certain.-bonditions,_ there appeared to be little effect of concentration on

thecbhargingcharacteristics of -the plates. Decreasing temperature

i appeared:to raithe plateau voltages- (V1 and-V2 ) to a small. extent, the

gre atest-increase occurring between 30 C and 0* C. Current density did

f not -maikedly chage the -percent acceptance. under any. of the conditions

" employed. "These resuklt verified the generally accepted description of the

jj silver plate as haying-non-variant characteristics under a range of condi-

tions.

As ihdicated-above, the most interesting result was the lack of charge

1acceptance under certain conditions. Other authors have also observed

thisphenomena during studies concerning the formation of AgO 3 (Ref. 2).

This, characteristic was manifested under conditions of increasing, current

density, increasing concentration, and decreasing emperature. These

-facts imply that there -may be an intermediate kinetic step between the

reactions corresponding to the two charging steps. Evidently the reaction

is dependent upon both current density and electrolyte concentration.ii Whether this reaction involves physical or chemical changes is not known

_ __-8-
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TABLE I

SILVER PLATE CHARGE. 30" C|
C.D. V V.2 Conc. 1 2 L.P. Accept.
ma/in m Volts Volts ___

30 2.6 0.279 0.554 44.5 106

30 8.0 0.273 0.576 4Z.3 102

30 10.7 0.273 0.580 46.0 101

30 14.9 0.276 0.580 43.3 102

60. 2.6 0.268 0.555 47.5 95.8

60 8.0 0.263 0.549 40.0 97.6

60 10.7 0.261 0.546 37.0 97.3

60 14.9 0.258 0.547 37.6 98.8

I 120 2.6 0.292 0.576 47r7 89.1

120 8.0 0.280 0.571 4Z. 1 89.5

I 10 10.7 0.275 C. 566 45.1 98.0

1z0 14.9 0.270 0.566 44.5 92.7

V1  Stable voltage of lower plateau.

V = Stable voltage of upper plateau (usually reached within a few minutes
after transition from charging at lower plateau to charging at higher

. P ahr in (lower plateau)
Total ahr in (test charge) X 10

the midpoint between the transition from the lower plateau to the upper plateau.

-9-
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TABLE II

SILVER PLATE CHARGE, 0* CI
V

G.D. Conc. 1 L.P. Accept.

ma/in a m Volts Volts

30 z. 6 0.339 0.587 48.3 96.4

'30 8.0 0.297 0.568 44.1 103

30 10.7 0.307 0.575 44,3 103

30 14.9 0.Z89 '0.579 49.8 101

60 Z.-6 0.315 0.569 42.9 97.3

60 8.0 0.328 0.588 47.7 86.1

-60 10.7 0.310 0.579 46.8 93.4

60 14.9 0.315 0.587 49.8 87.7

I 2.-6 0.311 0.560 46.7 89.7
-120 8:0 .59 0.582 42.4 87.6

120 10.7 0.315 0.575 46.0 91.1

120 14.9q 0.320 () 42.3

(a) No charge acceptance at high plateau.

-10-
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TABLE III

SILVER PLATE CHARGE, -2 00 CI
C. D. Conc. 1 L.P. Accept.

ma/in m Volts Volts %

I 30 5.0 0.326 0.559 42.7 94.6

30 8.0 0.334 0.578 43.8 93.5

30 10.7 0.326 0.575 (b) 46.2 90. 5

30 14.3 O 314 (a) - 35.5

1 60 5.0 0.335 0.572 40.5 94.5

60 8.0 0.348 0.592 45.Z 92.5

60 10.7 0.328 0. 577(b) 42.4 88.9

60 14..3 "0.331 (a)- - 36.9

120 5.0 0.332. 0.562 37.7 94.2

1120 8.0 0.363- 0583(b) 35.2Z 86.2

120 10. 7 0-.350 (a) - 31.1

nIo 14.3 0.353 (a) - 23.8

I

I (a) No charge acceptance at high plateau.

(b) Only one ceil accepted chargc at high plateau.

I



at this time. Dependence on both concentration and current density would,

[however, seem to indicate that the intermediate step involves a chemical

reaction.I

Determination of the exact crossover point between acceptance and non-

acceptance at the high plateau requires further testing. It will be necessary

to:evaluate charge acceptance at intermediate concentrations, current den-

sities, and temperatures in order to determine the exact crossover point

with respect to-ea-.h of-these variables. On the basis of the present data,

it appears -that silver plates operating at -20°'C will not accept charge at

the high- plateau at KOH concentrations of greater than 8.0 m.

Es 2. -Discharge Tests

Dis charge::tests-were carried out at current densities of 60, ZO, and 240
2- 3--- . A Z *C

ma/in2 in 2.6, 8.0, '10.7, and 14. 9- KOH at 30* C and 0G. At -20 C,

only- concentrations of 8.0 and 10. 7-m were used because of the possibility

ofyelectro!yte freezing. The results of these tests. are presented in Tables

M. V,. and VL

Vi did not stabilize until about 10 minutes after initiation of discharge.
-The divalent-plateau- was not obsered with our plates, probably because of

storage. it was- observed -during preparation of the standard plates, since

there was-no time delay between charge and discharge. Whether this loss
of actiVity~of thehigher plateau is due to disproportionation according to

reaction 8 =or to auto-reduction according to reaction 9 cannot be decided.

However, since the' capacity did not-imarkedly decrease, it would appear

that disproportionation was the primary cause for the absence of the upper

voltage plateau.

XIK rVl-
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3 TABLE IV

SILVER PLATE DISCHARGE, 300 C

C.D Conc. Vi Regulation* Capacity
ma/in m Volts _ 0 _/o

60 2.6 0.208 93 96.6

1 60 8.0 0.2Z4 94 98.8

60 10.7 0.206 92 101.6

: 60 14.9 0.202 94 103.1

3 120 z.6 0.197 98 94.6
120 8.0 0.197 96 9z. 0

I 120 10.7 0.202 93 99.5

120 14.9 0.200 91 100.6

240 2.6 0.190 95 10Z.o

3 240 8.0 0.190 93 95.8

240 10.7 0.188 93 98.2

3 240 14.6 0.187 91 10Z. 2

I
I* To 50 mv below V..

1

I
I

.'
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TABLE V

SILVER PLATE DISCHARGE, 0' C

C.D. Conc. , Regulation* Capacity
rma/in- m Volts ale

60 z.6 0.206 95 93.3

60 8.0 0. 10i" 92 95.Z

60 10.7 0.184 • 91 95.4

60 14.9 0.174 94 94.8

120 Z.6 0..198 95 91.2

.120 8.0 9. 18 95 86.4

120 10.7 0.179 93 94.9

120 14.9 0.175- 87 89.0

Z40 Z. 6 0.198 95 95.5

240 8.0 0.165 94 91.4

240 10.7 0.183 95 94.4

Z40 14.9 0.154 89 86.2
7

To 50 my below V..
I
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'TABLE *VI

S ILVER PLATE DISCHARGE, -20 C

I
C.D C Conc. V* Regulation* Capacity
ma/in m Volts _ _ _ _o

1 60 8.0 0.180 97 99

60 10.7 0.162 96 89.5

120 8.0 0.142 96 80.8

i 120 10.7 0.163 97 89.0

240 8.0 0.147 94 94.3

240 10.7 0.129 95 87.8

I
f il* To 50 nwbelow V..

-15-



AgO + Ag -4 Ag 2 O (8)

AgO - /2 Ag2 O + 1/2 0 2  (9)

Electrolyte concentration has little effect on regulation capacity and V. at

300 C. At 0* C, increasing concentration causes a decrease in V., although

the trend was not uniform for all current densities. The general decrease

of V. with concentration does not seem to be due to electrolyte resistivity

change, which shows a maximum at about 9.0 m. The effect may be re-

lated to electrolyte viscusity changes, since the latter increases with coh-

centration. Further measurements are required to establish this relation-

ship.

Electrolyte concentration does not affect percent regulation to'any marked

degree at 0' C. No definite conclusions can be made regarding the effect

of concentration on capacity, since the' differences are not much greater

than the usual average deviation (3%) within individual runs. The plates

appear to exhibit essentially invariant characteristics at -20* C.

As expected, current density decreases V. by about 10 my for each twofold
1

increase at 30* C. No effect on regulation or capacity was noted at this

temperature. Similar results occur at 0" C except for the effect on V.

In this instance, there was essentially no difference in V. with respcct to1

current density for the 2. 6 in and 10.6 m solution. At the two other con-

centrations, V. decreases by about 20 my on changing from 120 ma/in2 to
S At%2

&-sunaiin . These trends do not appear to occur ir a direct manner, and

are sufficiently small so as to be masked by other plate characteristics.

In general, V. is lowered with increasing current density at -20 C.

-16-



Although not uniformally observed, decreasing the temperature from 30" C

to -20' C causes a 16% decrease in capacity. This appears to occur at all

current 'densities. Percent regulation remains high at all tempezatures.

I The effect of temperature is most pronounced on V., this effect being de-

peident on concentration. At 60 ma/in , an overall decrease of about

140 mv was noted. As stated earlier, the decrease is more marked at

higher concentrations. At 120 ma/in2 , the overall decrease in V. is about

the same, but the concentration correlation is 'reversed. That is, V. f6r

the 8.0 m cells is lower than V. for the 10.7 m cells at -20 C. At 240

ma/in2 the temperature effect becomes more marked in that the voltage

* drop becomes greater at the higher concentration.

'I C. Cadmium Plates

1. Charge Tests

In order to establish consistent characteristics of the pressed powder plates

3 under standard conditions, it was necessary to charge and discharge the

* plates for at least t*.n cycles. Standard conditions consisted of charging at
3 2 . 2.30 ma/in and discharging at 60 ma/in in 8.0 m KOH at 30* C. Physical

integrity of the p1.tes was maintained by the use of a pellon wrap covered by

I a layer of nickel grid material. The charge cutoff voltage was 1.05 v vs

Hg-HgO, while the discharge cutoff was 0. 75 v. Results of the last two

Istandard cycles were used for test comparisons. Charge tests were carried
- 2out at current densities of 15, 30, 60, and 120 ma/in , at temperatures of

30* , 0', and -ZO* C. Electrolyte concentrations were 2. 5, 5. 0, 8. 0 and

10.7 m KOH at the two high temperatures', while 5. 0, 8. 0 and 10.7 m

KOH were used at -ZO° C. Test results are presented in Tables VII, VIII,

if and IX.

1_. -1?-



. T ABLE. VII

~CADMIUM PLATE CHARGE, 30' C
V V

CA M IUM Accept.
ra/in rn Volts

E 15 .5 0.925 97.5

5.0 0.930 100.0

8.0 0.924 101.0

15 10.7 0.922 102.0

30 2.5 0.923 81.8

30 5.0 0.932 86.7

30 8.0 0.926 101.0
30 10.7 0.928 102.0

:I - 60 2.5 0.946 82.7Ii60 5.0 0.944 88.1
60 8.0 0.934 97.4
60 10.7 0.936 97.8

120 2.5 0.962 57.6
1,0 5.0 0.961 67.347120 8.0 0.944 81.3
120 10.7 0.945 77.8r
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fi TABLE VIII

ICADMIUM PLATE CHARGE, 0 C

C.D. Conc. I Accept.
ma/in m Volts V

is 2.5 0.95Z 40.7

15 5.0 0.949 62.4

i- 15 8.0 ' 0.942 78.8

i 15 10.7 0.934 85.0

30 2.5 0.958 21.2

30 5.0 0.963 41.7

30 8.0 0.951 71.4

30 10.7 0.940 78.9

60 Z.5 0.973 .7.1
S60 5.0 . .976 21.4

60 8.0 0.961 61.5

60 10.7 0.949 70.2

120 2.5 1.007 6.0

120 5.0 0.997 16.1

120 8.0 0.981 45.1

120 10.7 0.962 59.4

-i
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TABLE IX

CADMIUM PLATE CHARGE, -20" C

Conc. Accept.

ma/n m Volts

15 5.0 1.005 1.9

15 8.0 0.987 20.8

El 10.7 0.974 7;8

L 30 5.0 1. O7 0.0

30 8.0 1.016 10.1

30 10.7 0.986 16.3

NOTE: No charge acceptance occurs :. 60 and 1ZO ma/in2 .

ID -
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There is a marked decrease in charge acceptance as a function of in-
creasing current density and decreasing temperatures as well as concen-

3tration. The most marked effect is that of temperature. This is reflected

in complete lack of charge acceptance at -20" C for current densities of
2

60 and 120 ma/in

At 30' C, concentration effects begin to appear immediately after changing

current densities from 15 to 30 ma/in . The most pronounced effect occurs

between Z. 5 and 5.0 m, although the percent acceptance is measurably

decreased between 5.0 and 8.0 m. Little difference was noted between
: 2

current densities of 30 and 60 ma/in . Increaeing the current density to

1Z0 ma/in causes a marked decrease at all concentrations. Again, the

most noticeable decrease is at 2.5 m KOH.

The results at 0 C resemble those at 30" C, in that a marked decrease in

charge acceptance occurs at Z. 5 m KOH. In addition, increasing the current

density causes an almost complete loss of acceptance at 2. 5 m KOH. 

At -Z0' C, the effect of carrent density is considerably more pronounced.

No charge acceptance occurs at all at 60 or 120 ma/in . At 15 or 30

ma/in , the total capacity s essentially zero in 5.0 m KOH, while a

marked decrease in capacity occurs at 8. 0 m and 10.7 m KOH. Typical

results are presented in Figure 3.

We have not detailed the percent regulation of the cadmium plates, as

pTeviously defined, since in all cases, the voltage rise during the major

portion of the charge test was relatively low. In all cases, percent re-

5g-ldt U -
1Oil Charge was at least 85%.

I As stated previously, charge acceptance was terminated 150 mv above ocv.
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This value was chosen since it represented an inflection point in the charge

curve. In some of the tests at low temperature, charging was allowed to

rise above this point, since the acceptance to 150 my above ocv was rather

brief. As expected, mixed potential due to both the plate reaction and

joxygen evolution was observed. This potential was not fixed, and rose

during the measurements from 1.3 v to 1.6 v (vs Hg-HgO). Although some

charging of the cadmium plates occurred, the total acceptance was rather

erratic under these conditions.I
2. Discharge TestsI

After preparation of standard plates in the seme manner as the charge tests,

discharge tests were run at 60, 120, 180, and 240 ma/in 2 in 2. 5, 5.0, 8.0,

and 10. 7 rn KOH at 30" C and 0* C. At -20' C, only concentrations of 5. 0,

j 8.0, and 10.7 m KOH were used. The results of these tests are shown in

Tables X, XI, and XII.

The effect of concentration on the capacity was very marked under all

conditions investigated. It was interesting to note that the major change

occurred between -. 5 m and 5. 0 m at temperatures of 30' C and 0* C. At

-20* C, the greatest change occurred between 5. 0 in and 8. 0 m. At this

temperature there was also a small decrease in capacity as the con-

centration changed from 8.0 to 10.7 m. The effect of concentration on
capacity at 0* C is illustrated in Figure 4.

Incremae of current density caused a decrease in capacity under all con-

ditions. The effect was most severe at 0* C and at the lowest concentration

The effect of current density was not uniform throughout the conditions

studied, in that the variation of capacity with current density depended upon

1



TABLE X, CADMIUM PLATE DISCHARGE, 300 C

C.D. Conc Regulation* Capacity

ma/in m Volts % %_

60 2.5 0.881 90.8 78.7

60 5.0 0.893 89.4 95.9

60 8.0 0.901 .90.5 99.4
60 10.7 0.895 90.5 101

120 2.5 0.881 87.9 57.3

1ZO 5.0 0.888 82.9 81.1

120 8.0 0.895 84.9 88.2

120 10.7 0.893 86.2 90.7

180 2.5 0.880 82.5 37.0

180 5.-0 0.881 68.4 6Z. 3

180 8.0 0.883 81.8 69.4

180 10.7 0.886 78.5 71.8

240 2.5 0.860 63.7 31.9

240 5.0 0.880 68.2 55.2

240 8.0 0.883 75.4 70.7

240 10.7 0,886 70.7 72.0

* To 50 mv below V3 ,
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ITABLE XI. CADMIUM PLATE DISCHARGE, 00 C

~C. D.,Cnc V.j Conc I Regulation * Capacity

ma/in2  Volts . %_.o %|
60 2.5 0.876 89.0 61.1

60 5.0 0.885 75.8 83.7

.60 8.0 0.893 79.0 84.4

I 60 10.7 0.898 68.5 88.7

120 2.5 0.873 80.0 38.3

120 5.0 0.879 70.2 63.8
1120 8.0 0.887 68.1 61.7

120 10.7 0.889 67.0 66.9

180 2.5 0.865 80.3 24.3

180 5.0 0. 865 67.0 46, 0

180 8.0 0.879 74.8 46.0 |

180 10.7 0.882 65.5 53.5 f

240 2.5 0.848 80.3 15.2

%40 5.0 0.848 .71.4 33.5

240 8."0 0.870 80.5 37.9

240 10.7 0.870 82. 8 40.8

To 50 mv below V.
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TABLE XII. CADMIUM PLATE DISCIIAR 3E, -20° C

C.D.2 Conc. Vi Regulation* Capacity

ma/in m Volts % %

60 5.0 0.853 87.1 303.

60 8,0 0.892 89.8 56.1

60 10.7 0.869 80.6 45.8

120 5.0 0.843 79.5 16.8

120 8,0 0.864 79.8 38..9

120 10.7 0, 8"7 76.9 32.4

180 5.0 0.820 82.8 8.8

180 8.0 0.845 81.7 22.2

180 10.7 0.840 82.8 23.5

240 5.0 6.827 83.7 9.7

240 8.0 0.838 80.4 20.9

240 10.7, 0.832 80.1 16.5

* To 50 mv below V.

0
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both concentration and temperature. As with most of che data, changes in

plate characteristics were not a simple function of any singlo variable.

The effect of temperature on plate capacity was quite pronounced, the

largest variation appearing between 0* C and -20* C. This is shown in

l F5gure 5 for an electrolyte concentration of 5. 0 m. Here again, it was

difficult to relate the effect of any single variable on plate capacity, since

the change was not entirely uniform.

rThe greatest effects of concentration, temperature, and current density

were noted in the plate capacity. There appeared to be relatively minor

r effects on the percent regulation, which did not display any definite trend.

ErV[ suffered a 10-20 my change as the concentration was changed from 2. 5 m

to 5.0 m at 30' and 00 C. This was also shown at -20 C between 5. 0 and

[8. 0 n. The effect of current density is slight, and only at 0* C and -20* C.

Similarly, decreasing temperature causes a small decrease in V.. The
overall effect of both these variables is relatively small since the gets

decrease shown in V. is only 90 mv lower than the ocv.

D. Zinc Plates

1. Charge Tests

As anticipated, study of the electrolyte concentration effect on zinc electrode

I characteristics did not proceed as facilely as the corresponding silvrer and

cadmium plate studies. This was due to the high solubility of zincate ion in

;[alkaline electrolyte.* The attendant reduction 6f zincate at the counter-

electrode would invalidate any data thereby derived. Furthermore, the

=i [ physical relationship of the zinc plate in an open test cell is sufficiently

different from that in a silver-zinc battery, so as to invalidate any plateSI

'[+' -28-
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evaluation by this method. On the other hand, it has been deraoastrated

that in the tightly wrapped configuration of a typical battery, there is a

definite configuration in which excess electrolyte wouid be available for

the test cell, and yet provide a method for providing sufficient plate

integrity. The plate was therefore wzapped with two types of separators.

The first wrap was a polypropylene felt. Use of this material was not ex-

pected to inhibit electrolyte diffusion because of the essentially macroscopic

pores in the material. Furthermore, the relatively large void volume pro-

v!ded excess electrolyte. Several layers of Visking V-7 membrane were

then wrapped around the plate. The entire plate stack was placed in the

test cell under slight compression.

Although the membrarfe will absorb electrolyte, resulting in a change of

initial concentration because of the ratio of membrane to electrolyte used,

this Is generally less than one half unit in molality. The problem of zincate

diffusion and absorption by the membrane must also be considered. The

absence of zinc deposition at te counterelectrode indicates that sufficient

membrane is available to stop zincate diffusion. Furthermore, the charge-

discharge characteristics of the plates are reasonably uniform under a

standard charge-discharge regimen. It appears, therefore, that zincate

absorption does not markedly alter the plate characteristics. Physical

examination of the cell pack after a few cycles has indicated that the des-

cribed methods apparently maintain sufficient plate i.ategrity for the few

cycles necessary for each plate standardization and test. Since initial

testing indicated a marked difference between plates, four plates were

tested under each set of experimental conditions.

A standard formation proce."ure consisted of discharge at 60 ma/in

foUowed by three charge-discharge cycles at the same current density.

Formation was accomplished at 300 C. The' charge cutoff was 1. 65 v vs
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U H- gO while the discharge cutoff was 1. 10 v vq Hg -HgO.

fi
The concentration of electrolyte used for the plate formation was he same

as that used in the tests. Thit is in contrast to the procedure used for the

silver and cadmium plates, which were formed in 8. 0 m KOH and then

tested in the appropriati electrolyte. The physical condition of the plate

after formatioit did not allow removal of the original electrolyte. Sufficient

Ielectrolyte was present in the cell to negate changes of concentration due to

hydrogen and oxygen removal at the counterelectrode during the charge-

discharge cycle.

Charge tests were run at 60, 120, and Z40 ma/in2 at 30* C and 0* C for

concentrations of 2. 5, 5. 0, 8. 0, and 10. 7 m KOH. At -20* C, only con-

centrations of 5. 0, 8. 0, and 10. 7 n were employed at the indicated current

densities. Results of these tests are presented in Tables XIII, XIV, and XV.

The zinc plates exhibited about a thirty percent variation in total capacity.

IThis was not unexpected for pressed powder zinc plates. Some plates ex-

hibited characteristics quite different from those within a certain test group.

I This usually occurred with plates having a lower capacity. Data obtained

from these plates was disregarded if it differed significantly from that

obtained from the other plates within the test run. Even with those plates

having reasonably similar nominal capacities, some data scatter was evident,

Hparticularly at the higher current densities. Percent capacity" variation was

usually within 10%, although variation in percent regulation sometimes ex-

ceeded this value. Data was not used in those cases where the regulation

'M differed markedly from that -f otier plates within the test group.

In all case-, there was a decrease in charge acceptance with each cycle.

Therefore, in order to determine the relative acceptance of the plates under
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TABLE XIII

ZINC PLATE CHARGE, 300 C

SC.D. Conc. i Regulation* Regulation** Accept.
ma/i r Volts _ _ _

*30 2.5 1.385 84 94 110.0

30 5.0 1.403 78 94 107.0

30 8.0 1.413 80 94 123.0

30 10.7 1. 424 '84 94 109.0

60 2.5 1.403 72 89 100.0

60 5.0 1. 408 73 88 100.0

60 8.0 1. 4Z 1 69 86 100.0

60 10.7 1.428 71 87 100.0

120 £.5 1.460 69 90 9Z. 7

120 5.0 1.466 64 84 92.0

120 8.0 1.486 67 87 89.6

120 10.7 1.503 68 88 88.5

* To 50 rn~v below V..-

11** To 100 mv below V..
I

I
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TABLE XIV

ZINC PLATE CHARGE, 0° CI
V.

C.D. 2 Conc. 1 Regulation* Regulation*v Accept.
ma/in m Volts __o __o __o

1 30 ?.5 1.404 65 83 99. 1
30 5.0 1.408 58 81 97.7

30 8.0 1.438 63 85 104.0
30 10.7 1.450 62 79 97,7

60 2.5 1:441 79 90 94.560 5.0 1.456 67 80 91,7 !

60 8.0 1.503 75 93 88.7

60 10.7 1.514 65 88 84.9

1 120 2.5 1o 96 65 86 82. 1
1z0 5.0 1. S?5 69 90 80.8

1 120 8.0 1.565 62 - 55.4

1z0 10.7 (a) - -

To 50 my below V.
I

** To 100 mv below V.1

NOTE: All cells reached cucoff within 2 minutes after start of charge.
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TABLE XV

E ZINC PLATE CHARGE, -20 C

C. D Conc. vi Regulation* Regulation** Accept.
ma/in m Volts %/ %__/_

30 5.) 1.490 75 91 92.0

30 8.0 1.522 62 88 79.0

30 10.7 1.604 53.2

60 5.0 1.538 83 96 63.9

60 8.0 1.557 (a) - 25.6

60 10.7 (b) -

1zo 5.0 . 1.640 - 29.1

120 8.0 (b) -

izo 10.7 (b) - -

II

To 50 nv bilow V.

** To 100 mv below V.01
U

NOTES: (a) Most of charge occurred at about 1. 65 v.

(b) All cells reached cutoff within 2 minutes after start of cha-ge.

1*1
- .



the iest conditions, it was necessary to'use an extrapolated value of the ex-

pected charge acceptance under standard conditions. This extrapolation

technique was verified by maintaini:ig the standard charge-discharge cycle

beyond the number of cycles used in the formation. A fairly linear decrease

iin charge acceptance occurred through the sixth cycle. Test runs were

usually the fourth or fifth charge.

I
Since it wa±s necessary to carry out the plate formation standardi.zation in

the same concentration as used for the tests, it may be argued that the

discharge tests may not only ieflect changes due to the test variations, but

aloo variations due to concentration of the forming electrolyte. However,
the similarity of the discharge data obtained at 60 ma/in at 30' C, implies

SI that concentration does not alter the discharge characteristics. This does

not imply that the charge characteristics are independent of concentration,

but does indicate that under the conditions employed (60 ma/ir, 30 C),

little effect is expected. At 30* C, there is about a 10% change in acceptance

Iwith each twofold change in current der.; Little effect of concentration

is noted except for . increase in V.. Cuirent density appears to alter V.1 1. :

to a greater extent than concentration. This is shown in Figures 6 and 7.

At 0* C, V. shows an increase at all current densities and concentrations

in a manner similar to that shown at 30* C. At 60 and 1.0 ma/i. , only

relatively small changes in acceptance are noted. At 120 ma/in, a very

marked change in acceptance is seen. This change is quite concentration-

de aendent in that at 10. 7 m, the plates polarized immediately at the start

of the test while at Z. 5 and 5.0 m, only a small decrease in acceptanco is

noted. At 8. 0 ni, a large deczease in acceptance was shown. This trend

was enhanced by a temperature decrease. At -Z0 C, little or no accep-

t ance was evidenced at 120 ma/in whiie at 30 ma/in in 5. 0 n-. KOH, there

i H was ittle loss of acceptance. The effect of temperature on acceptance is

-35-
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Figure 6. Effect of current density on V. for zinc plates charged
~at 30 ° C.
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Figure 7. Effect of concentration on V. for zinc plates charged
at 30" C.1
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I
shown in Figure 8, for 60 mai/in z . This rather sharp change in polari-

~zation characteristics of zinc plates has bean noted previously. ill the

present work we have endeavored to more critically define the arcas in which

3 a zinc plate may be used f r secondary application.

3 2. Discharge Tests

3 In contfast to discharge of silver and cadmium plates, the discharge curves

for the zinc plates exhibit a greater slope, necessitating a lower cutoff

voltage. Also, in order to more adequately describe the shape of the dis-

charge curve, it was necessary to determii.e the percent regulation at both

3 50 my and 100 mv below the initial voltage. The lack of a stable plateau

also necessitated a more arbitrary choice of the initial voltage. This was

3 usually chosen at a point where the initial slope became constant.

3 Plates were conditioned in the same manner as that described for the

charge tests except for an additional half-cycle charge. Tests were accom-

plished at 60, 1M0, and 240 ma/in in 2. 0, 5. 0, 8. 0, and 10. 7 m KOH at

300 C and 00 C. At -Z0 C, only the latter th.ee molalities were employed.

I The results of these tests are presented in Tables XVI, XVH, and XVIII.

Results at 30* C indicate that there is an apparent maximum in percent
capacity at 5. 0 m KOH. As shown in Figure 9, this is not evidenced atI2 2
60 ma/in , but only appears -t 120 and 240 ma/in . Better regulation is

obtained at the lower concentraticns, although this may be partially due

to the fact that the initial voltage loss is greater at the lower concentrations,

such that a flatter discharge from a lower initial voltagc is indicated.

Although still prevalent, this effect is not as significant for the percent re-

gulation at 100 mv below V..

31
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I TABLE XVI

ZINC PLATE DISCHARGE, 300 C

*
G.D. ZConc.V.

C D Conc. 1 Regulation* Regulation** Capacity

ma/in m Volts _ _ __

60 2.5 1.Z75 49 75 96.9

60 5.0 1.318 22 79 94.9

60 8.0 1.336 18 62 92.4

60 10.7 1.345 2 41 90.9

I
120 2.5 1.Z66 71 95 61.5

I 120 5.0 1.Z70 36 75 82.3

1zo 8.0 1. 286 22 50 68.3

120 10.7 1.Z79 25 54 76.4

I Z40 Z. 5 1. zoo 56 96 35. 1

240 5.0 1. z12 62 95 49.6

Z 240 8.0. 1.260 53 69 38.3

240 10.7 1.232 65 88 40.3

I
* To 50 mv below V.

** To 100 mv below V.

I
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TABLE XVII

ZINC PLATE DISCHARGE, 0°C

C.D. ZConc.V.
C D Cone. Regulation* Regulation *- Capacity
ma/in m Volts % _ _

60 Z.5 1.243 74 9Z 46.0

60 5.0 1.278 24 77 76.9

60 8.0 1.278 27 46 56.0

60 10.7 1.287 47 64 47.5

1zo 2.5 1.251 50 84 9.0

120 5.0 1. Z50 30 68 33.9

120 8,0 1.267 40 67 28.2

120 10.7 1.273 29 59 23.3

240 2.5 1.151 93 (a) 2.8

240 5.0 1.210 51 92 13.3

L! 240 8.0 1.201 51 85 11.6

240 10.7 1.180 65 (a) 6.3

S* To 50 mv below V.
1

** To 100 my below V.
1

U!

U NOTE: (a) V. too low to measure 100 mv decrease before cutoff.K 1

FL
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TABLE XVIII

ZINC PLATE DISCHARGE, -20' C

V. euam . .pct

C.D. 2 Colc. 1 Regulation' Regulation** C-pacity
ma/in 2m Volts 

%

60 5.0 1. 66 33 5 2- Z8. 9

60 8.0 1.Z41 28 51 27.8

I 60 10.7 1.238 Z8 43 22. z

120 5.0 1.Z36 31 52 17.0

lZ0 8.0 1. ZZ6 Z6 54 18.9

lZO 10.7 1.138 32 69 10.8

z40 5.0 1. 080 50 (a) 5.5

240 8.0 1.065 69 (a) 3. Z

Z40 10.7 
- (b) 4

0T 5 e
S* To 50 mv below V.

•** To 100 my below V.

| 1

NOTES: (a) V. too low to measure 100 my decrease beforc cutoff.

(b) Less than 1% capacity under test conditions.

nUIIi
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Comparison of the results at 00 C indicates a decrease cf capacity under

[all conditions, the decrease being dependent on temperature and current

I r density. From Figure 10, it is readily seen that a maximum in percent

Lcapacity is present. However, at this temperature, the maximum is most

pronounced at 60 ma/inz as opposed to the results at 30 C. The change

of V. is relatively uniform under all conditions, although the variation in1

regulation appears not to follow the pattern shown at 300 C. It is not un-'V likely that this is an artifact of changes in initial voltage.

Capacity is quite dependent on current density at all temperatures (see

~ Figures 9 - 12). This is mogt evident at 30* C where the plates exhibit

their greater capacity at this temperature. The effect of temperature,

[(Figures 13 - 15) is apparently related to both concentration and current

density. Although a generally linear dezr--ase in capacity with temperature

ris noted, the exact shape of the curve is dependent on both of the indicated

faciors.

3. Cycling Effects

As previously not-d. we have chosen the best conditions and data presenta-

Ition in a manner which showed relative plate characteristics. This was

done in- order to avoid plate to plate variation as much as possible. Since

jthis was not possible for the 7inc plates, it was necessary to run a large

number of plates in this series. In addition to a lack of uniformity injJcoulombic capacity, there was a narked effect of concentration on the

acceptance as determined fromn th! st .ndavdization runs. This is shown in

Figure 16, The charge acceptance of tlie first cycle is takon as a 100%,

and subsequent values are based on tlii:s cycle. All data represents the

average of 20 - 40 dct.rminations. Since our test procedure involved a

large amount of electrolyte, thf decresc in capacity may have been due

-4?-!
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to the increased zincate solubility at higher concentrations. The importance

I of this concentration effect denotes thc necessity of further testing in order

to deteifmine if it was merely an artifact of the present test method, or re-

l presents a real characteristic of the zinc plate.

I
I

II
I

I

I

ii

U
I
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III. DISCUSSION

The results reported herein comprise the second part of an overall effort

to provide design data for construction and operation of alkaline cells.

During the first year's work, the electrolyte transport and absorption

characteristics of certain membranes were determined. Differential

equations were derived which described the quantitative changes in anolyte

and catholyte concentrations. Since these were too difficult to solve by

direct methods, an iterative method was used. The transport and absorption

data, together with design and operational parameters of a typical silver

oxide-zinc battery, provider' .mberical constants for the iterative
solutions. The final result was a graphical description of the anolyte and

catholyte concentration vs discharge time.

The present effort comprised P, study of the charge and discharge character-

istics of silver, cadmium, and zirc plates. Measurements were made with

respect to temperature, current density, and electrolyte concentration. The

purpose of this work was not merely to obtain a qualitative measure of the

peffect of the variables on the plate characteristics, but to obtain a more

quantitative relationship. In order to eliminate as much as possible the

I. effects of plate to plate variation, standard methods of plate formation were

used. The effeccs of temperature, current density, and electrolyte con-

I centration could then be expressed on a relative basis. Choice of an average

nominal plate capacity then afforded a complete time-voltage relationship.I
With the results of the secoiid year's efforts now available, it is possible

I to predict what the 'overall performance of silver oxide-zinc, silver oxide-

cadmium batteries will be under certain operating conditions. This in-

volves the combination of the concentration-time relationships derived

- during the initial study, togcethr with the volt-age-tine curves (-t various

_49" -49-
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concentrations) obtained in the present work, to yield a final voltage-time

[curve for the battery.

Bufore describing the method used to combine the results of the two years

work, one point should be clarified. All design and operational parameters,

such as number and size of plates, total electrolyte added, current density,

and temperature, are essentially fixed at the initiation of the calculation.

They may, of course, be altered for another set of calculations. The only

real variables are capacity, voltage regulation, and concentration. Even

these are not real variables in that the final voltage-time curve for the

Ubattery will b , dependent upon the choice of the design and operational para-

meters. There are, therefore, two classes of variables which must be con-

sidered in the calculations. As the first step in the correlation of the two

years effort, it is necessary to choose a typical battery design and set of

operating parameters. Anolyte and catholyte concentration-time curves are

then derived from this data and the membrane transport and absorption

characteristics. This was-essentially the final result of the first years

efforts. The design and operating parameters used for the calculations
ar listed -below:

STotal negative plate are'a - 120 in Z

Current density - 133 ma/inZ

Type of membrane - Visking V-7

Layers of membrane - 4

Temperature - 0* C

Amount of electrolyte - 140 g

Concentration of added electrolyte - 9. 0 m

I ii As will be seen, the only parameter which does not correspond to the

LI + **** "M tS* r c &*r A--- 4 . ' **5XO'LJ
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of plate capacities and voltages were made at 120 ma/inZ . However, we do

Inot fecl that thc difference will have a marked effect on the results. We

have also chosen to use linear extrapolation of the concentration-time curves

to extend the time range into the region which corresponded to the full plate

discharge. Some trial runs had previously indicated that this was an

acceptable method. An illustration of the extrapolated curves is shown in

Figure 17. The use of previously determined computer derived data

maikedly facilitated this correlation. Although expanded computer facilities

have recently been installed at Whittaker R & D, new programming would

be rather time consuming for an initial correlation. The expanded computer

Icapability would facilitate a more complete study, of course.

IThe second step in the correlation primarily involves the results of the

second year's work. This is a set of voltage-time curves at varying con-

centrations, but at fixed current density and temperature. The choice of

the latter two parameters corresponds to the values used in the first step.

This set, for zinc plates under the test conditions is shown in Figure 18.

. The third step in the correlation is to establish a voltage-concentration

plot at certain time values. This is accomplished from the voltage-time

curve by following the voltage-concentration change at definite times. The

resultant family of curves is shown in Figure 19. As is readily noted, there

I . is a certain area of uncertainty, represented by the dashed lines. This is

due to the fact that the exact cell dropoff is not known in all cases. We have

[ used a simple extrapolation to 0. 0 v to present the dashed lines, as a

matter of convenience.

The last step in the correlation combines the use of Figure 17 and Figure

19. From Figure 17 the concentration at a specific time is found. Using

this value of the concentration, together with the time value, a value of

" -51 -
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the voltage is determined from Figure 19, The voltage-time point is

~then entered on a new figure. This process is then repeated until the

entire voltage-time curve has been generated, (curve a, Figure 20). For

comparison, calculations were made for the same cell at 30' C(curve b,

Figure ZO) and for the cell at 0* C, in which six layers of membrane are
used (curve c, Figure 20). Figure 4 presents the entire expected charac-

teristics of a silver-zinc battery. No direct calculations were made for

I the silver plate, since it had been found that little polarization or loss of

capacity existed for the silver plate under the test conditions.

The sample correlation is for: a single complete discharge. However, the

method is not limited to discharge but may be readily used for the charge

reaction. Furthermore, it may be used to describe the cell characteristics

at less than 100o depth of discharge. At present, we are able to predict

j cell characteristics for silver oxide-zinc and silver oxid(-cadmium bat-

teries. The method may also be applied to alkaline fuel cells and hybrid

fuel cells such as the zinc-air couple. Use in the latter two instances
would, of course, necessitate compilation of additional electrode data.

There are certain assumptions which have been used in the determination

of the correlation. However, it is believed that within the limits of the method V
and present results, a reasonably sound schientific basis has been deve-

I loped for evaluating design and operational characteristics of alkaline power

sources. It would appear that actual evaluation of the method would form

the most important part of the work.
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N N

H4 P E-4 00

!k

000

I 1" lN II/

3;41

I 4)

4.".

II II if ,0.

II It II x4 1 i

rq< x

U 0

ftill j~ E-1

do L

04 4J

/40 N

to

/!t / /  , I

-56-



J IV. RECOMMENDATIONS

Initially it was stated that there were essentially two areas c; endeavor

that should be further explored. The first area involves direct application

of the derived methods to actual batteries. The second area essentially

comprises a refinement and extension of the data obtained in the first two

I years work.

One necessary item is the determination of the effect of storage en the

transport and absorption characteristics of membranes. This involves

I storage in complete batteries as opposed to simple electrolyte. As an

adjunct to this effort, is the correlation of the effect of a charge-discharge

I regimen on the membrane parameters. It is not expected that it would be

necessary to run as complete a series of determinations as was accom-

I plished during the first year. A series of spot-checks would probably re-

veal any marked effects of storage and/or cell operation on the membrane

I parameters.

A second area that needs investigation is the effect of zincate ion on both

the membrane transport characteristics and on the reaction stoichiometry

used in the derivation of the gradient equations. The effect of zincate ion

could markedly alter the transport characteristics of the membrane.

Furthermore, presence of zincate ion necessarily alters the reaction

stoichiometry. This must be taken into account during the determination

of electrolyte concentration-time relationships as shown in Figure 7. The

I problem of zincate concentration effects is further complicated by the fact

that zincate ion is not merely formed at the zinc electrode, but is absorbed

I by the membrane and diffuses into the silver electrode chamber. For-

tunately, there have been measurements of zincate absorption and diffusion

I
II -5--
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SIcharacteristics of typical battery separators. Correlation of the zincate

' j parameters with the cell data is expected to improve the accuracy of the

design calculations.F
Although it is not evident from Figure 7, some preliminary calculationsr indicate that overall loss of electrolyte from the anolyte may be sufficient

to cause "drying out" of the zinc plates. This phenomena has been sus-
I Vpected as a cause of capacity loss but has not been previously quantitized.

It is now possible to determine, with some measure of accuracy, what total

quantities of free electrolyte are necessary for battery or fuel cell operation.

4- Although several interesting electrode characteristics were revealed during

the second year's effort, two features are of primary import for the proposed

rdesign study. The first of these is the. lack of second plateau charge accep-

tance of the silver electrode under certain conditions. Although some

Bmeasure of the quantitative limitations of this effect are known, additional

effort to demarcate this phenomena would be of value.

A second area is concentration dependent loss of charge acceptance of zinc

plates on cycling. Although the number of cycles which was used to con-

dition the plates before the test runs was limited, it was evident that there

was a decrease in charge acceptance on each successive cycle. This

II effect appeared to be dependent on the electrolyte concentration. This may

have been an artifact which was due to the necessary use of excess electro-

N flyte in the tests. However, it is of sufficient importance so as to warrant
Li further study under electrolyte limited conditions.

These are some of the ancillary areas which are expected to aid in the de-

velopment of suitable methods for the sound engineering design of silver

oxide-zinc and other, alkaline power sources. Specific choice and priority

I5
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of investigation is opehi at this time. This present -ffort has merely

endeavored to present some of the salient features related to the develop-,

ment of adequate design data for alkaline batteries and fuel cells.
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